The transport of serie into tobacco (Nkodans tabscum L. var The transport of amino acids into plant cells has been investigated using either sections of plant drgans (4, 22, 25) or isolated cells cultured in liquid medium (9, 10, 14, 15) . Some generalizations can be drawn from the limited literature. The pH optimum for amino acid uptake is generally below 4.5 (9, 22) and transport may stimulate proton influx (25). The rates of transport over a wide concentration range do not conform to simple MichaelisMenten kinetics, resulting in various mechanistic interpretations (9, 14, 22) . The energy dependence of transport is supported by the effects of metabolic inhibitors (4, 9, 14) . The transport of small neutral amino acids is apparently mediated by a carrier with broad specificity (4, 9, 15); a number of other systems for basic, acidic, and neutral amino acids have been proposed (15). placed in a 125-ml Erlenmeyer flask containing 36 ml of 1% sucrose, 0.5 mm CaC12, and 5 mM bis-Tris-propane (pH 6.0).
hours could be exchanged with medium Ca'+ in the same period. The amount of net Ca2+ transport into tobacco ceUs is insigifIant relative to the total exch ble Ca'+.
It is proposed that seine transport into tobacco cells involves H+ cotransport and that the stimulation by Ca2+ is due to an increase in the proton-motive force.
The transport of amino acids into plant cells has been investigated using either sections of plant drgans (4, 22, 25) or isolated cells cultured in liquid medium (9, 10, 14, 15) . Some generalizations can be drawn from the limited literature. The pH optimum for amino acid uptake is generally below 4.5 (9, 22) and transport may stimulate proton influx (25) . The rates of transport over a wide concentration range do not conform to simple MichaelisMenten kinetics, resulting in various mechanistic interpretations (9, 14, 22) . The energy dependence of transport is supported by the effects of metabolic inhibitors (4, 9, 14) . The transport of small neutral amino acids is apparently mediated by a carrier with broad specificity (4, 9, 15) ; a number of other systems for basic, acidic, and neutral amino acids have been proposed (15) . purchased from Amersham/Searle Corp., and Handifluor liquid scintillation fluid from Mallinckrodt Inc. Analytical grade chemicals were purchased from commercial suppliers. Transport Experiments. Cells were harvested by vacuum filtration on Whatman 540 paper discs (2.4 cm) and washed with 100 ml of 1% sucrose. The washed cells (0.15-0.5 g fresh weight) were placed in a 125-ml Erlenmeyer flask containing 36 ml of 1% sucrose, 0.5 mm CaC12, and 5 mM bis-Tris-propane (pH 6.0).
Transport was initiated by adding 4 ml of 1 mM L-[ 4C]serine (0.25 ACi), flasks were stoppered with cotton plugs and placed on a rotary shaker at 25 C for 1 hr. At the end of the experiment the cells were harvested by vacuum filtration, washed with 100 ml of 1 mM serine, placed in 10 ml of liquid scintillation fluid containing 1 ml of water, and radioactivity determined in a Packard 3310 Tri-Carb scintillation spectrometer with external standardization.
Ca uptake/exchange was measured in a 125-ml Erlenmeyer flask containing 40 ml of 1% sucrose, 0.5 mM 45CaC12 (0.5 ,uCi), and 5 mrm bis-Tris-propane (pH 6.0).
All operations before the addition of cells were conducted in a sterile room using sterilized media and equipment. RESULTS General Characteristics. A previous investigation of cysteine transport into these cells (9) established that transport was biphasic, inhibited by respiratory inhibitors (azide, 2,4-dinitrophenol, and carbonyl cyanide m-chlorophenylhydrazone) and sulfhydryl reagents (iodoacetamide and N-ethylmaleimide). The inhibition of cysteina transport by other amino acids supported the presence of a general transport system for neutral amino acids. The present study assumes that these observations are applicable to serine transport, however, none of the conclusions of this study are based on this assumption.
Serine transport was linear with time for at least 2 hr and with amount of tissue in the range 0.15 to 0.5 g fresh weight. Serine uptake was not affected by increasing the sucrose concentration of the transport medium from 1 to 3%, however, a 25% reduction in rate was observed when the sucrose concentration was increased to 5%. Addition of B-5 growth medium to transport medium caused an inhibition of transport, as reported previously (9) . The inhibitory constituents in B-5 medium were shown to be K+ (2.5 mM) and 2,4-D (4.5 uM). Transport rates were significantly higher in freshly transferred cells but were relatively constant during the exponential increase in culture fresh weight (Fig. 1) . Serine transport by cells from any age culture was stimulated by preincubating cells with CaCl2 (Fig. 1) . Ca2+ stimulation will be discussed in a later section.
Transport rates of 3 pmol/g fresh weight-hr were routinely observed when the medium serine concentration was 0.1 mM (i.e. 0.1 tmol/ml). Rapid metabolism of serine occurs in tobacco cells but after 1.5 hr 66% of the transported material was chromatographically identifiable as serine (24) . Serine is taken up by cells containing considerably more serine than the medium on a per unit volume basis. According to the steady-state or pump model (7, 12) this observation would indicate movement of serine against a concentration gradient controlled by a plasma membrane located carrier.
Effect of pH. The pH optimum for serine transport was 4.0 in 10 Mm sodium citrate buffer and the transport increased with decreasing pH when bis-Tris-propane was the buffer (Fig. 2) . Relatively low rates of amino acid transport in the presence of citrate have been observed in higher plants (9, 22) and fungi (23) . In Achlya concentrative transport requires the binding of Ca to a membrane-localized glycopeptide and citrate inhibits transport by reducing the available Ca (23) . Transport was linear for at least 2 hr at pH 4.0 (Fig. 3) , although significant amounts of serine are metabolized in this period (24) . The initial rate of transport was slightly higher at pH 3.0 when the incubation period was less than 30 min; progressive loss of accumulated material occurred when the incubation period exceeded 30 min (Fig. 3) . In summary, the serine transport rate was maximal below pH 4 .0 provided that the incubation period was short which is in agreement with previous observations of neutral amino acid transport into tobacco cells (9) and leaf slices (22) .
The shapes of the pH curves were not consistent with the effect of pH being a change in the concentration of the transported species; the latter is probably the zwitterion (22 (25) . Proton/amino acid symport also occurs in bacteria (5, 20) and yeast (21) .
Amino acid transport in bacteria (1) and animal cells (17) may be driven by a Na+ gradient, however this is not observed in these cells. Transport rates were not significantly different in citric acid adjusted to pH 4.0 with either NaOH, KOH, or NH40H. Bis-Tris propane was routinely adjusted to pH 6.0 with HCl so that H+ is the only mobile cation present. The substitution of either H2SO4 or HNO3 as a proton donor had no significant effect on transport rates.
The above results are consistent with amino acid/H+ symport driven by a proton-motive force. All subsequent experiments were performed at pH 6.0, so that amino acid transport would be measured at physiological pH. Investigation of transport at pH 4.0 would impose an artificial proton-motive force which might obscure significant physiological events.
Effect of Cations. Serine transport was increased throughout the pH range 4 to 7 by the addition of 0.5 mm CaCl2 to the transport medium (Fig. 2) ; the requirement for Ca2+ in transport media is well documented (7, 12, 13) . In tobacco cells, Ca2+ caused a time-dependent stimulation oftransport (Fig. 4) , maximum rates were obtained after 6 hr preincubation in Ca2+ (Fig. 5 ). CaCl2, Ca(NO3)2, and CaSO4 were equally effective in stimulating transport. No stimulation of transport rates occurred in the absence of added Ca 2+ (Fig. 5 ). Cells washed with 100 ml of 1% sucrose containing EDTA followed by 50 ml of 1% sucrose to remove residual EDTA had reduced transport rates. For instance, a 0.5 mm EDTA wash reduced subsequent transport in the absence of added Ca2+ from 350 to 60 nmol/g fresh weight.hr, but had no effect on transport in the presence of 0.5 mim CaCl2, i.e. 1,000 ± 200 nmol/g fresh weight -hr. However, cells washed with EDTA concentrations exceeding 1 mm had lower transport rates even in the presence of added Ca2+. In Ca2+-free medium, EDTA accelerated the time-dependent loss of HCO3 transport capacity of Chara (19) .
Freshly harvested cells, from cultures of different ages, had consistently low transport rates ( Fig. 1) , even when the cells were washed with 1% sucrose containing 0.5 mm CaCl2 before initiation of transport (results not shown). This suggested that the 1 mm Ca2+ in the growth medium was not an accurate indicator of the Ca2+ available to the cells. Cells were filtered from an 8-day-old culture and the residual medium collected. Addition of 20 ml of the residual medium to the transport medium containing 0.5 mm CaCl2 caused an 80% inhibition of transport. When CaCl2 was omitted the transport rates were the same in the presence or absence of residual medium. The inhibition of seine transport by residual medium was reduced to 57% by prior sterilization of residual medium in an autoclave at 120 C for 20 min. These results suggested the presence of a Ca2"-binding molecule in the growth medium, which was either denatured or degraded upon heating. A 10-ml aliquot of unsterilized residual medium was applied to a Bio-Gel A-0.5m agarose gel column (45 x 2.5 cm) which had been equilibrated with 2.5 mm bis-Tris-propane (pH 6.0). The column was eluted with the same buffer at a rate of 20 ml/hr and 10-ml fractions collected. The fractions were dialyzed for 5 Five mm Mg2+ substituted for 0.5 mm Ca24 in stimulating serine transport; this observation suggests that the site of action of Ca2" has a much lower affinity for Mg2". La3" and K+ caused a small stimulation which usually was not time-dependent and may have been due to general ion effects (Table I) . Ca2+-stimulated serine transport was inhibited more than 90%o by 0.5 mm La3+ (Table II) ; this figure takes into consideration the transport rate when only La3+ is present (Table I) . K+ significantly inhibited transport at 50 mm but was relatively ineffective at concentrations at or below 5 mM.
Transfer of cells to media lacking Ca2' resulted in an immediate decline in transport rate from 3.3 to 1.0 ,mol/g fresh weight.hr, followed by a slower decline to 0.5 ,umol/g fresh weight *hr in 2 hr (Fig. 6, top) . Cells (Fig. 6 , top and middle), and is consistent with its prevention of stimulation when added at zero time (Table II) . However, 0.5 mM La3+ decreased the immediate decline in transport rate and prevented the slower decline (Fig. 6, middle (19) . The transport of s042-and cysteine is also subject to time-dependent stimulation by Ca2+ (Fig. 7) .
My working hypothesis is that serine transport is driven by the proton-motive force. I propose that the time-dependent stimulation of seine transport by Ca2+ is due to an increase in the protonmotive force. (Table II) by competing with Ca2+ and preventing hyperpolarization. However, La3+ can substitute for Ca2+ in maintaining the hyperpolarized state (Fig. 6) . The inhibitory effects of La3+ on ion absorption in plants (18, 19) (Fig. 8) . More than 90% of the 'Ca2+ was bound to surface sites and was removed from cells placed in 40 ml of 0.5 mm CaCl2 for 10 min (Fig. 8) (Fig. 8 ). When cells, from which the surface-bound 45Ca2+ had been removed, were placed in water less than 10%1o of the remaining 'Ca2+ was lost in 4 hr (Fig. 9) . In contrast, when similarly treated cells were placed in 0.5 mm CaC12 a rapid loss of label occurred within 30 to 40 min (Figs. 8, and 9 ) and a slower loss occurred over 4 hr (Fig. 9) ; 75% of the 'Ca2+ taken up by the cells in 4 hr was exchangeable with external Ca2+ in 4 hr. A comparison of the time courses of 5Ca2+ uptake by the cells (Fig.   8 ) with 5Ca2' exchange from the cells (Fig. 9) indicates that the net transport of Ca2+ is small relative to Ca2+/Ca2+ exchange. (3, 18) and animals (2) . K+ was less effective in replacing surface-bound Ca24, as indicated by the total 'Ca2+ and the difference between water and CaCl2 at 10-min values. K+ was less inhibitory to '6Ca24 uptake. The data in Table III support an afTinity for the Ca2+-binding sites of La3+ > Ca24 > K+. Serine had no significant effect on 45Ca2" binding or transport (Table III) , under the present experimental conditions. Different mechanisms for inhibition of Ca24-stimulated serine transport by La34 and K4 are suggested by comparing the effect of 0.5 mm La34 and 50 mm K4 on Ca24 binding and uptake (Table  III) ; La3+ and K+ inhibited Ca2+-stimulated serine transport more than 90%1o at these concentrations (Table II) however no stimulation of loss occurred when 1 mm serine was included in the medium (Table IV) . Forty-four per cent of the accumulated label was lost in 80 min when CaCl2 was omitted from the medium and a small stimulation of loss was observed in the presence of 1 (Fig. 2) chlorophenylhydrazone (9) , is consistent with an amino acid/H+ symport mechanism for serine transport; proton co-transport mechanisms have been reported in microorganisms (5, 21) and plants (25) . demonstration that serine does not stimulate 5Ca2+ uptake (Table  III) and Ca2+/serine exchange is ruled out by the demonstration that serine does not stimulate Ca2+ uptake (Table III) into the cells or 'Ca2' exchange from the cells (Fig. 9) . When cells were transferred to water, serine transport declined rapidly (Fig. 6 ) but the decline in intracellular Ca2+ was minimal (Fig. 9) . Readdition of Ca2' did not result in a resumption of high transport rates. The transport inhibitor La3+ significantly reduced Ca2+ uptake but K+ did not (Table III) .
The role of Ca24 in maintaining high transport rates is demonstrated by the decline in transport when Ca24 is removed (Fig. 6 ).
This decline is not due to the removal of the stimulator because 0.5 mm La3+ is nonstimulatory (Table I ) and inhibits Ca2+-stimulated transport (Table II) , but replaces bound Ca24 and prevents the decline (Fig. 6) The role of Ca24 in retaining serine is demonstrated by the release of label when Ca24 is removed from the medium (Table  IV) . One-half mm La34 and 50 mm K4 substitute for Ca24 in this role. This suggests that an ion boundary on the cell surface may be required for serine retention in contrast to the specific Ca24- LITERATURE CIMD
